Background: Male performance in athletic events begins to exceed that of age-matched
| INTRODUCTION
It is well known that men's athletic performance exceeds that of women especially in power sports because of men's greater strength, speed and endurance. This biological physical advantage of mature males forms the basis for gender segregation in many competitive sports to allow females a realistic chance of winning events. This physical advantage in performance arises during early adolescence when male puberty commences after which men acquire larger muscle mass and greater strength, larger and stronger bones, higher circulating haemoglobin as well as mental and/or psychological differences. After completion of male puberty, circulating testosterone levels in men are consistently 10-15 times higher than in children or women at any age. 1 The age at which sex differences emerge is reported as around the age of 12 from a study of individual
Norwegian athletes in two running and two jumping events 2 and at 13-14 years in four track and field skills in Polish athletes 3 ; however, the relationship to male puberty and circulating testosterone is not clear.
This study investigates the age of the gender divergence in performance in elite swimming and a wider range of elite athletic events as well as a community-based study of grip strength among nonathletes to deduce the onset and progression of the gender divergence in performance of athletes and relates this to the timing and tempo of male puberty and the rise in circulating testosterone into adult male levels.
| MATERIAL AND METHODS
Four sources of published data were used in this study for which no ethics approval was required. (Lb for boys, Lg for girls) with the male advantage defined as D=(Lb− Lg)*100/Lg. For the athletic events where individual year age records were available across the age of puberty, the age-specific difference (as a percentage) for each year of age were pooled into running or jumping categories. For track and field performance, the pooled data were fitted to a four-parameter sigmoidal curve which allowed for asymptotic estimation of the lower (prepubertal) and upper (postpubertal) plateaus from the four parameters. In addition, the timing and tempo of the pubertal increase were defined by the start of puberty, defined as the time when 20% of the ultimate increase due to puberty had occurred (ED 20 ), and mid-puberty as the time when half the ultimate increase had occurred (ED 50 ). For swimming, the pooled gender differences for all strokes and distances were fitted by a smoothed spline curve. For hand-grip strength, the differences were fitted to a piecewise linear-quadratic curve with a single inflexion point.
| RESULTS
In swimming performance, the overall gender differences were highly significant with age group (F 4,360 =1481, P<.0001) and stroke (F 4,360 =11.9, P<.0001) as main (between) effects ( Figure 1 ). There was no significant difference according to year (as a within factor, P=.99)
so that for further analysis, years were taken as replicates. Using a sigmoidal curve fit for the overall gender differences pooling all strokes and distances, the ED 20 was 11.4 years and the ED 50 was 12.8 years.
Within a single stroke (freestyle), in addition to expected age-group effects (F 4,525 =2174, P<.0001), there were also significant effects according to distance (F 2,525 =231.5, P<.0001) whereby the age-group effects was significantly greater the shorter the event distance ( Figure 2 , 50 m>100 m>200 m, age group x distance interaction, F 8,525 =55.9, P<.0001) (Figure 1) . Similarly, for a fixed length of events (100 m) and after taking age-group effects into account, the four form strokes did differ significantly (F 3,700 =12.9, P<.0001) producing significant Gender difference (%) differences between strokes (interaction F 12,700 =23.4, P<.0001), the most prominent being for breaststroke, which displayed the greatest age-group effect, and butterfly followed by backstroke and then freestyle, which showed the least age-group effect ( Figure 1 ).
In track and field athletics, the effects of age on running performance ( Figure To examine age of gender divergence in strength in an analogous data set from a nonathletic population (Canadian and US children and adolescents), the age trends in hand-grip strength showed a difference in hand-grip strength commencing from the age of 12.8 years onwards ( Figure 3 ). Prior to the age of 13 years, boys had a marginally significant greater grip strength than girls (n=45, t=2.0, P=.026), but after the age of 13 years, there was a strong significant relationship between age and difference in grip strength (n=18, r=.89, P<.001).
| DISCUSSION
The present study shows that the gender divergence in performance for swimming and for running and jumping track and field events is very closely aligned to the timing of the onset of male puberty, which typically has onset at around 12 years of age. 5, 6 These findings are consistent with reports on the timing of the gender differences in performance observed among Norwegian athletes in two running and two jumping events 2 and for track and field skills among Polish athletes. 3 This study extends the findings to swimming and a wider range of running and jumping track and field events. This timing is also consistent with the start of the gender divergence in fat-free (muscle) mass 7 and strength increases. 8, 9 In this study, the timing and tempo of male puberty effects on running and jumping performance were virtually identical and very similar )   10  11  12  13  14  15  16  17  18  19  10  11  12  13  14  15  16  17  18  19 Gender difference (%) to those in swimming events. Furthermore, these coincided with the timing of the rise in circulating testosterone due to male puberty. In addition to the strikingly similar timing and tempo, the magnitude of the effects on performance by the end of this study was 10.0% for running and 19.3% for jumping, both consistent with the gender differences in performance of adult athletes previously reported to be 10%-12% for running 10, 11, 12 and 19% for jumping. 12 The similar magnitude of the plateau effects observed for the oldest (postpubertal) stages in this study with mature adult gender differences suggests there are likely minimal if any further divergences in gender performance among athletes after the age of 20 years.
In the swimming events, despite the continued progressive improvements in individual male and female event records, the stability of the gender difference over 35 years shown in this study suggests that the gender differences in performance are stable and robust. These findings are consistent with a previous report of no narrowing of the gender gap in swimming event performance over more than three decades.
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These findings contribute to discounting previous suggestions that the gender gap in performance of athletes was narrowing and might even disappear, 13 interpretations which were confounded by the increasing participation of females in elite sports through the 20th century that led to short-term accelerating improvement until women approached closer to contemporary female performance plateau. 12 The greater effect of male puberty on shorter freestyle events is consistent with the greater power demands of short sprint events than for longer freestyle events that involve more endurance. The consistent differences between form strokes over 100-m events, even after accounting for the very dominant age-group effect, suggest that the power demands on performance were most prominent in breaststroke and least in freestyle, presumably due to the different mechanical demands of the different strokes.
The gender divergence in hand-grip strength among nonathletic children and adolescents strengthens the view that these gender divergences are a feature of normal male puberty rather than being a feature that manifests only in elite athletes.
The similar time course of the rise in circulating testosterone with that of the gender divergences in swimming and track and field sports is strongly suggestive that these effects arise from the increase in circulating testosterone from the start of male puberty. 19 Most if not all sex differences in maximal oxygen uptake are explained by differences in muscle mass. [20] [21] [22] Adult male circulating testosterone also has marked effects on bone development leading to longer, stronger and denser bone than in age-matched females. 23 However, testosterone effects on bone are slower in onset and probably less reversible than effects on muscle.
For example, men achieve peak bone mass at the end of skeletal maturation only in the early 1920s, about a decade after the start of sustained exposure to adult male testosterone levels. Furthermore, while testosterone deficiency may lead to loss of bone density, 23 the overall structural framework of the skeleton is likely to change slowly if at all. Hence, the extent to which testosterone-induced bone changes contribute to the male advantage in adolescent athletic performance is unclear but is probably at least not maximal until the third decade of life by which time the gender differences are already stabilized.
A further biological advantage of adult male circulating testosterone concentrations is the increased circulating haemoglobin. Men have ~10 g/L greater haemoglobin than women 24 with the gender differences also evident from the age of 13-14 years. 25 Testosterone effects on haemoglobin are replicated by administration of exogenous testosterone in a dose-dependent fashion 26 within 1-3 months.
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Like the effects on muscle, the erythropoietic effect of testosterone is relatively rapid and reversible in contrast to the slower effects on bone. Although a higher haemoglobin is likely to provide advantages in endurance rather than power events, it is unclear how much the relatively modest magnitude of this gender difference contributes to the male advantage in athletic performance.
Finally, exposure to adult male testosterone concentrations is likely to produce some mental or psychological effects. 28 However, the precise nature of these remains controversial and it is not clear whether, or to what extent, this contributes to the superior elite sporting performance of men in power sports compared with the predominant effects on muscle mass and function.
The strength of the present study is that it includes a wide range of swimming as well as track and field running and jumping events as well as strength for nonathletes for males and females across the ages spanning the onset of male puberty. The similar timing of the gender divergence in each of these settings to that of the rise in circulating testosterone to adult male levels strongly suggests that they all reflect the increase in muscular size and strength although the impact of other androgen-dependent effects on bone, haemoglobin and psychology may also contribute. Limitations of this study include that it could not extend to all swimming or track and field events due to the restricted participation of younger age groups in more gruelling events. Furthermore, the testosterone measurements were not from the individual athletes included in the analysis of available published data so that the comparisons are cohort-wise rather than based on individuals.
It is concluded that the gender divergence in athletic performance begins at the age of 12-13 years and reaches adult plateau in the late teenage years. Although the magnitude of the divergence varies between athletic skills, the timing and tempo are closely parallel with each other and with the rise in circulating testosterone in boys during puberty to reach adult male levels.
